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A B S T R A C T
Purpose: The tear film lipid layer (TFLL) covers the tear film, stabilizing it and providing a protective barrier
against the environment. The TFLL is divided into polar and non-polar sublayers, but the interplay between lipid
classes in these sublayers and the structure-function relationship of the TFLL remains poorly characterized. This
study aims to provide insight into TFLL function by elucidating the interactions between polar and non-polar
TFLL lipids at the molecular level.
Methods: Mixed films of polar O-acyl-ω-hydroxy fatty acids (OAHFA) or phospholipids and non-polar cholesteryl
esters (CE) were used as a model of the TFLL. The organization of the films was studied by using a combination
of Brewster angle and fluorescence microscopy in a Langmuir trough system. In addition, the evaporation re-
sistance of the lipid films was evaluated.
Results: Phospholipids and OAHFAs induced the formation of a stable multilamellar CE film. The formation of
this film was driven by the interdigitation of acyl chains between the monolayer of polar lipids and the CE
multilayer lamellae. Surprisingly, the multilayer structure was destabilized by both low and high concentrations
of polar lipids. In addition, the CE multilayer was no more effective in resisting the evaporation of water than a
polar lipid monolayer.
Conclusions: Formation of multilamellar films by major tear film lipids suggest that the TFLL may have a similar
structure. Moreover, in contrast to the current understanding, polar TFLL lipids may not mainly act by stabilizing
the non-polar TFLL sublayer, but through a direct evaporation resistant effect.
1. Introduction
The surface of the eye is covered by the tear film, a layer of aqueous
tear fluid that forms a smooth refractive surface and protects the un-
derlying epithelial cells. The aqueous tear film is covered by the tear
film lipid layer (TFLL), a thin, oily layer that acts as a barrier between
the aqueous tear fluid and the environment and is considered to pre-
vents excess evaporation of water from the tear film [1]. Impaired TFLL
evaporation resistance leads to hyperosmolarity of the tear fluid, which
causes an inflammatory response and damages the ocular surface cells.
This results in symptoms such as pain and blurring of vision, and fur-
ther destabilizes the tear film, potentially leading to development of dry
eye syndrome (DES) [1]. In severe cases of DES, the loss of lubrication
by the tear film can lead to corneal ulceration and scarring [2].
Most cases of DES are associated with dysfunctional Meibomian
glands that produce the TFLL lipids [3,4]. Dysfunction of the Meibo-
mian glands causes changes in TFLL lipid quality and quantity [5,6],
which is likely to impair the ability of the TFLL to resist evaporation.
This link between TFLL composition and function has been suggested
by recent animal studies, where changes in tear film lipid composition,
caused by mutations of genes involved in Meibomian lipid synthesis
(Elovl1, Elovl3, or Cyp4f39), led to a severe dry eye phenotype [7–9].
However, it is still unclear what kind of compositional changes are
associated with dry eye in humans, and various studies have reported
changes in different lipid classes related to dry eye [10–14]. Further,
the functional consequences of these compositional changes are spec-
ulative, since the molecular mechanisms of TFLL evaporation resistance
remain poorly understood. The TFLL can be divided into two parts: a
monolayer of polar lipids, which resides at the surface of the aqueous
tear fluid, and a thicker layer of non-polar lipids that cover the polar
https://doi.org/10.1016/j.jtos.2020.06.001
Received 23 March 2020; Received in revised form 31 May 2020; Accepted 4 June 2020
∗ Corresponding author.Haartmaninkatu 8, FI-00290, Helsinki, Finland.
E-mail address: riku.o.paananen@helsinki.fi (R.O. Paananen).
The Ocular Surface 18 (2020) 545–553
1542-0124/ © 2020 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/BY/4.0/).
T
sublayer (Fig. 1) [15]. This general structure aside, no consensus exists
on TFLL organization and several different models have been proposed
[12,16–20].
To shed light on this matter, we studied the organization and bio-
physical properties of TFLL-mimicking mixtures of polar and non-polar
tear film lipids with Langmuir trough-based techniques. The main polar
lipids in the tear film are phospholipids and O-acyl-ω-hydroxy fatty
acids (OAHFAs), whereas cholesteryl esters (CEs) and wax esters (WEs)
are the most abundant non-polar lipids [10,21,22]. In this study, we
used 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) and (O-
oleoyl)-ω-hydroxy arachidic acid (20-OAHFA) to represent polar TFLL
lipids, while the non-polar TFLL lipids were represented by cholesteryl
nervonate (CN) (Fig. 1). In order to understand the interplay between
polar and non-polar lipids in the TFLL, we varied their ratios and ex-
plored the effects on organization and related biophysical properties of
the film. In addition, the lipid films were imaged using both Brewster
angle- (BAM) and fluorescence microscopy (FM), allowing visualization
of both the non-polar and polar layers of the multi-layered films.
Our aim was to investigate three key aspects of TFLL structure: the
role of polar lipids in TFLL organization, the structure of the non-polar
layer of TFLL, and origin of TFLL evaporation resistance.
First, polar lipids are widely considered to be of key importance in
maintaining TFLL structure and function by acting as a surfactant be-
tween the aqueous tear film and the non-polar lipid layer [15]. How-
ever, the role of different polar lipid classes in TFLL organization is
currently unknown [23], resulting in continuous debate over the im-
portance of phospholipids [19] versus OAHFAs [21]. Herein, we stu-
died the behaviour of both polar lipids and found that they induce the
formation of an overlying CN multilayer at low surface concentrations.
However, at higher surface concentrations of polar lipids the multilayer
was destabilized, and only films containing OAHFAs resisted evapora-
tion.
Second, the structure within the non-polar region of the TFLL is not
well documented. X-ray diffraction and infrared spectroscopy studies
have shown that Meibomian lipids are partially ordered at physiolo-
gical conditions and form multilamellar structures [24–26], but it is
unclear how these lamellae are organized in the TFLL. Some have
suggested that TFLL has a uniform multilamellar structure [12,16],
while others have argued for a disordered structure with dispersed solid
crystallites [17,20]. In this study, we address this topic and demonstrate
how films including CN organize into multilamellar structures with
discrete lamellae. Furthermore, we provide molecular level insight into
the underlying factors i.e. the importance of interdigitation between the
polar and non-polar layers.
Third, the thickness of the non-polar layer of the TFLL has been
considered to be important in determining the evaporation resistance of
the TFLL [27,28]. However, this idea has been recently challenged
[29], and the internal structure within the TFLL responsible for eva-
poration resistance remains unknown. We therefore investigated whe-
ther the formation of non-polar CN multilayers provide increased eva-
poration resistance, compared to a monolayer of polar lipids, but found
no detectable increase in evaporation resistance compared to phos-
pholipids or OAHFAs alone. In total, this study provides insight into the
multilamellar organization of CEs at the air-water interface as well as
the interplay of polar and non-polar lipids in such films.
2. Material and methods
2.1. Materials
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) was ob-
tained from Avanti Polar Lipids (Alabaster, AL) and cholesteryl nervo-
nate (CN) was purchased from Nu-Chek Prep (Elysian, MN). (O-oleoyl)-
ω-hydroxy arachidic acid (20-OAHFA) was synthesised as described
previously [30]. Fluorescent 1,2-dioleoyl-sn-glycero-3-phosphoethano-
lamine (DOPE) labeled with Atto 633 (Atto633-DOPE) was obtained
from ATTO-TEC (Siegen, Germany). All the lipids were dissolved in
chloroform of spectroscopic grade and stored at −20 °C until used.
Milli-Q water was used as the sub-phase in the experiments including
phospholipids. For OAHFA-containing mixtures, phosphate-buffered
saline (PBS) was used as the subphase, to achieve the natural degree of
ionization of the OAHFA carboxylic acid groups.
2.2. Brewster angle microscopy and surface potential
Lipids in chloroform solution were added to the air-water interface
of a KSV Minitrough (KSV, Espoo, Finland) with Hamilton micro-
syringe. Trough temperature was maintained at 35 °C during the ex-
periments using a Lauda ECO E4 thermostat (Lauda, Germany). After
allowing for the chloroform to evaporate for 3 min, the film was
compressed at a constant rate of 10 mm/min. Surface pressure was
measured using a Wilhelmy plate, surface potential was measured using
KSV SPOT (Espoo, Finland), and Brewster angle microscopy images
were captured using KSV NIMA microBAM (Espoo, Finland). All the
measurements were performed within an acrylic box (volume 80 l). Dry
air was passed through an ODS-3P ozone destruct unit (Ozone solutions,
Hull, Iowa) and into the acrylic box at a rate of 76 l/min to maintain an
ozone-free atmosphere and prevent oxidation of unsaturated lipids
during the experiments.
2.3. Fluorescence microscopy
Lipid mixtures, where 0.2% of the polar lipid (POPC or 20-OAHFA)
was replaced with fluorescent Atto633-DOPE, were prepared in
chloroform. Lipid solution was spread by depositing small droplets with
Hamilton microsyringe over a subphase filling stainless steel trough
with poly (tetrafluoroethylene) (PTFE) edges and a quartz-glass
window (μTrough XS, Kibron; Helsinki, Finland). Chloroform was al-
lowed to evaporate for 8 min, and the film was compressed with the
symmetrical movement of two barriers at a constant rate of 5 mm/min.
Surface pressure was measured using a surface pressure sensor (KBN
315; Kibron) with a DyneProbe. During compression the film was im-
aged using an inverted fluorescence microscope (Olympus, Hamburg,
Germany) equipped with UPlanSApo 10 × objective (NA 0.4, WD
3.1 mm, Olympus). The fluorescent probe was excited with a Mercury
lamp and the intensity of the light was controlled with neutral density
Fig. 1. A model of the tear film lipid layer (TFLL). Left: A schematic representation of the overall organization of the TFLL. Right: Model lipids corresponding to the
non-polar and polar layers of the TFLL.
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filter. Dichroic cube Cy5-A-Basic-000 (Semrock) with 630/38 and 694/
44 as a single-band excitation and emission filters, respectively, was
inserted in the light pathway. Emission light was detected with a CCD
camera (Olympus, Tokyo, Japan). All the measurements were per-
formed at 35 °C, controlled with a temperature control plate connected
to a water-circulating thermostat (Julabo F12-EC, Julabo, Seelbach,
Germany), within an acrylic box to prevent subphase evaporation and
contamination by dust.
2.4. Image analysis
All image analysis was performed with Matlab R2017a. Brewster
angle microscopy images were segmented into different intensity re-
gions by performing the following steps: First, uneven illumination was
corrected by smoothing the images using a gaussian filter with a stan-
dard deviation of 100 pixels and the original image was divided by the
smoothed image to normalize the local image intensity. Second, the
normalized image was cropped to exclude non-focused areas of the
image caused by the tilted orientation of the objective in BAM. Only the
regions within 200 pixels from the intensity maximum of the smoothed
image in the Y-direction were included in the analysis. Third, the
normalized image was smoothed using a circular averaging filter with
5-pixel radius. Fourth, the images were segmented using multilevel
thresholding with Otsu's method [31]. The discriminant criterion η was
calculated for 1 to 3 thresholds for each image and compared to the
discriminant criterion obtained from a background image from pure
water surface η0. The number of thresholds that resulted in the
maximum value of η−η0 was selected. Thresholding performance was
curated manually and images where thresholding failed were not in-
cluded in the analysis. Fifth, the obtained segmented images were used
as masks to calculate the area fractions and mean intensities of different
film regions using the original, unprocessed images.
Fluorescence microscopy images were segmented to mono- and
multilayer regions by using Otsu's method with 1–3 thresholds.
Thresholding performance was observed manually and a single
threshold with best performance dividing the image into monolayer and
multilayer segments was selected, and area fractions of each phase were
calculated.
2.5. Film thickness analysis
BAM images captured at mean molecular areas higher than 85 Å2/
POPC were included in the analysis. Average intensities were calculated
from the film regions selected by using segmenting as described above.
To take into account the formation of small multilayer domains below
BAM resolution, which gradually increased the intensity of each seg-
ment, the lower intensity segments were discarded from the analysis in
images, where more than 10% of the surface was covered by a higher
intensity segment. Intensities were divided by the exposure time used
when capturing the image, in order to compare relative intensities be-
tween images captured with different exposure times. Background in-
tensity was calculated by averaging from images captured from pure
water surface and subtracted from all the other measured intensities. To
obtain an estimate of the relative thickness, the square root of the
Fig. 2. Organization of mixed multilayers of POPC and CN. Representative surface pressure isotherms of POPC:CN mixtures with the corresponding FM and BAM
images, as well as a schematic representation of the film structure at different film compositions and surface pressures (i–vi). The measurements were repeated at
least twice and were found to be repeatable within 1.5 mN/m. The isotherms are presented both relative to the total number of molecules (left) and to the number of
POPC molecules (right). Scale bars represent 300 μm.
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intensity values was used, since for a first-order approximation, the
reflectance of the surface depends on the square of the film thickness
[32].
2.6. Evaporation resistance
Evaporation resistance was measured using the desiccant-based
method proposed by Langmuir and Schaefer [33]. In short, a desiccant
container with a water-permeable membrane on one side was placed for
5 min onto a custom holder within a few millimeters above the sub-
phase surface with the membrane side facing the water surface. Based
on the absorbed water mass in the presence and absence of a lipid film,
the evaporation resistance was calculated as described previously [30].
Disposable desiccant cartridges (SP Industries, Warminster, PA) with
silica gel were used, but the membrane was replaced with Millipore
Immobilon -P PVDF membrane with 450 nm pore size (Bedford, MA).
3. Results and discussion
3.1. Multilamellar organization of cholesteryl ester:phospholipid films
To gain insight into the interplay of polar and non-polar lipids in the
TFLL, we first used mixtures of POPC and CN to model the polar and
non-polar parts of the TFLL, respectively. Films with varying ratios of
CN and POPC were analysed using surface pressure isotherms measured
on an aqueous subphase in a Langmuir trough system (see Methods).
Pure CN did not form a stable film, instead liquid aggregates with
colourful interference patterns were formed, as reported previously
[34].
When large amounts of POPC were included in the film (3:1
POPC:CN ratios or more), CN mixed with POPC to form a monolayer at
low surface pressures, as verified by the uniform intensity observed in
both BAM and FM images (Fig. 2i). In the monolayer phase, CN likely
adopted a kinked conformation with the ester group facing the water
(Fig. 2i). As more CN molecules was added to the film, some of the CN
separated to form multilayer domains on top of the monolayer, ob-
served as high intensity domains in BAM (Fig. 2ii-iii). The multilayer
structure forming on top of the monolayer has been previously termed
“double layer” for unsaturated CEs with shorter acyl chains [35]. The
same domains were also observed with FM, although the fluorescent
Atto633-DOPE probe used resides in the polar monolayer. This effect is
due to the preferential partitioning of the fluorescent Atto633-DOPE
into monolayer regions that were covered by a CN layer
(Supplementary Fig. 1). The regions covered by the multilayer in-
creased with added CN, until they covered the whole film at 1:9
POPC:CN ratio (Fig. 2iv). Further increase of CN caused additional
layers of CN to form on top of the first layer, but these additional layers
did not spread uniformly over the film. Instead, more layers were
formed locally in some areas and less in others, as observed in the BAM
images (Fig. 2vi).
The multilayer domains displayed uniform intensity levels in the
BAM images, which were used to estimate the relative thickness of film
regions with different number of lamellae (Fig. 3A,B). A single multi-
layer lamella was found to be approximately three times thicker than
the underlying monolayer. Considering the typical thickness of POPC
monolayer hydrocarbon region (1.4 nm [36]), this would correspond to
approximately 4.2 nm. This value is in line with the previous CN layer
thickness estimate of 4.38 nm [34]. The multilayer domains had a
round, liquid appearance, thereby indicating that the structure within
the multilayer lamellae was liquid crystalline (Fig. 2iii).
The monolayer residing underneath the multilayers contained a
relatively large proportion of CN at zero surface pressure (up to 30%).
Upon compression of the films to higher surface pressures, CN was
transferred from the monolayer into the overlying multilayers (Fig. 2ii,
Supplementary Fig. 2). At surface pressures corresponding to the nat-
ural tear fluid (27–31 mN/m [37]), CN resides almost completely in the
overlying multilayers.
As CN was transferred to the multilayers and the multilayer was
compressed, the multilayer volume (per unit area) increased
(Fig. 4A,B), whereas the coverage, i.e. the area fraction of the film
covered by at least one multilayer lamella initially increased (Fig. 4C).
However, as a surface pressure of approximately 12 mN/m was
reached, the multilayer coverage started to decrease across the studied
POPC:CN ranges (Fig. 4C), observed as an expansion of dark regions in
the BAM and FM images (Supplementary Fig. 3), even in films com-
pletely covered by CN multilayers (Fig. 2iv-v). This indicated that CN
was gradually expelled from the monolayer surface into thick ag-
gregates, and most of the water surface was covered by only a POPC
monolayer at high surface pressures (Supplementary Fig. 1). In the
surface pressure isotherms, this is seen as the coalescence of POPC:CN
mixture isotherms with the isotherm of pure POPC (Fig. 2).
In conclusion, these results highlight the important role that the
small quantities of polar lipids have in the organization of TFLL, and
provide support for the multilamellar TFLL model [15,16]. When 90%
or more of the film consisted of CN and surface pressure was low
(< 12 mN/m), a continuous non-polar multilayer resided on top of the
polar lipid monolayer at the aqueous interface. Furthermore, com-
pression and expansion of the layer led to production and removal of
further CN multilayer lamellae. However, at higher surface pressures,
corresponding to the natural tear fluid, CN did not form a uniform
multilayer. Instead, thick multilamellar aggregates formed locally. Such
incomplete spreading of non-polar lipids is often considered to result
from a lowered concentration of polar lipids. However, as shown here, a
high surface concentration of phospholipids results in the loss of non-
polar lipid spreading.
To explain the loss of multilayer spreading at high surface pressures,
we propose that the driving force for the formation of a uniform mul-
tilayer is the interdigitation of acyl chains between the monolayer and
the overlying multilayer. This resembles the interdigitation that occurs
Fig. 3. The thickness of POPC:CN multilayer lamellae. A) Schematic re-
presentation of the measured relative thicknesses (di). Images were first seg-
mented into intensity regions (shown in red, green, and blue) and the relative
thickness was determined by comparing BAM image intensities of the different
regions. B) The relative thickness of different film regions (mean ± standard
deviation) compared to a monolayer (d1). d2–d4 correspond to regions con-
taining 1–3 overlying CN multilayers. Different symbols represent the POPC:CN
ratio, ▲ = 1:9, ▼ = 1:6, ► = 1:4, ◄ = 1:3, ■ = 3:1, ● = pure POPC.
Symbol size represents the area fraction of the intensity region.
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between neighbouring cholesteryl ester lamellae in bulk [38]. The in-
terdigitation of CN acyl chains into the monolayer contributes to the
entropic repulsion between neighbouring lipids in the monolayer and
increases the surface pressure (Fig. 5A). To study this phenomenon, we
used a model in which each CN molecule in the multilayer directly
overlying the monolayer increased the total area of the monolayer by
′aID at any surface pressure π (see Supplementary methods for details).
By fitting the model to the total multilayer volume shown in Fig. 4B,
the area occupied by a single CN molecule in the multilayer phase
( ′a multi) was estimated to be 30 ± 1 Å2. This suggests that the CN
multilayers have a smectic liquid crystal-like organization with anti-
parallel arrangement of the cholesteryl esters (Fig. 5A). This arrange-
ment would be similar to the predominant crystal phase of CN
(monolayer type II) [38], which has a mean molecular area of 28.5 Å2
[39]. However, the proposed arrangement is in contrast with an earlier
estimate of 38 Å2 for cholesterol myristoleate multilayers, which sug-
gested a ring-ring packing limited by the size of the cholesteryl moiety
[35].
Further, by fitting the model to the multilayer coverage (Fig. 4C) we
could determine the mean area of interdigitation per CN molecule in
the multilayer phase, ′a ID, which contributes to the observed surface
pressure (Fig. 5B). At near zero surface pressure, the area of inter-
digitation was estimated to be approximately 10 Å2/molecule. Con-
sidering the antiparallel organization in the multilayers, only half of the
CN acyl chains are oriented towards the monolayer. Therefore, each CN
acyl chain would occupy approximately 20 Å2 in the monolayer, sug-
gesting that most of the acyl chains facing the monolayer are inter-
digitated with the monolayer acyl chains (Fig. 5i). As the surface
pressure increases, the monolayer acyl chains become increasingly or-
dered, pushing CN acyl chains away from the monolayer as the area of
interdigitation decreases to approximately 5 Å2/molecule (Fig. 5ii). At
this point, the cohesive interactions between CN molecules overcome
the attractive interactions between the mono- and multilayer mole-
cules, resulting in transfer of CN from the multilayer directly on top of
the monolayer into overlying lamellae. This corresponds to the transi-
tion observed at 12 mN/m surface pressure, where multilayer coverage
begins to decrease (Fig. 2v and 4C).
Since the interdigitation only affects the multilayer lamella adjacent
to the monolayer, this mechanism also explains why further lamellae do
not form in a uniform manner after the first lamella (Fig. 2vi).
3.2. Crystalline monolayer formation in O-acyl-hydroxy fatty acid
multilayers
After discovering that an interfacial phospholipid monolayer did not
support the formation of a uniform CN multilayer at surface pressures
relevant to the tear film, we turned our attention to OAHFAs. OAHFAs
are an unusual lipid class found in the tear film [40], which have been
the subject of increasing interest after their identification. Since they
are the main polar lipid class in the Meibomian gland secretions that
make up the TFLL [10,21,22], they have been proposed to form the
polar sublayer of the TFLL. We used an in-house synthesised (O-oleoyl)-
ω-hydroxy arachidic acid (20-OAHFA) to represent tear fluid OAHFAs.
In mixed films of 20-OAHFA and CN, multilayer domains of CN
formed over the 20-OAHFA monolayer at low surface pressures
(< 2 mN/m), similar to POPC:CN films (Fig. 6i). When six or more CN
Fig. 4. Imaging of POPC:CN multilayer structure. A) Schematic representation of the measured multilayer coverage and multilayer volume. These parameters were
determined from segmented BAM and FM images. B) Multilayer volume as a function of mean molecular area per POPC molecule. Symbols correspond to the film
compositions and methods represented in panel C. C)Multilayer coverage as a function of POPC mean molecular area with various POPC:CN ratios. Solid lines depict
the fitted model described in the text and Supplementary methods and the shaded regions depict 95% confidence intervals.
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molecules per 20-OAHFA were included in the film, the 20-OAHFA
monolayer was completely covered by a CN multilayer (Fig. 6iv). These
films exhibited more complex behaviour than POPC:CN films. This is
due to the liquid to solid monolayer phase transition [30], which is
observed as a pronounced plateau in the isotherm of pure 20-OAHFA
(Fig. 6). Therefore, in addition to the collapse of the CN multilayers
observed in POPC:CN films, 20-OAHFA:CN films also exhibited a liquid-
solid transition in the underlying monolayer during compression of the
films. This transition was observed as growth of dark crystallites in the
FM images (Fig. 6i,ii). Interestingly, the 20-OAHFA crystallites pre-
ferentially formed at the boundaries of round CN multilayer domains
(Fig. 6i), likely driven by line tension of the multilayer domains and
solid 20-OAHFA monolayer domains. Aside from the nucleation of 20-
OAHFA monolayer crystals at the multilayer domain boundary, the
surface monolayer was unaffected by the presence of an overlying
multilayer and underwent a liquid-solid transition similar to a pure
monolayer of 20-OAHFA (Fig. 6i,ii). This was evidenced by the liquid-
solid transitions of the monolayer occurring at areas of 120–150 Å2/20-
OAHFA regardless of the film composition. In addition, the surface
potential values of mixed films were identical to pure 20-OAHFA
(Supplementary Fig. 4).
While the monolayer underwent crystallization upon compression,
the overlying multilayer domains coalesced, until they covered all the
monolayer regions in the liquid phase (Fig. 6ii,v). This transition
occurred at an almost constant area of 23–25 Å2/molecule at all film
compositions studied, suggesting that both 20-OAHFA and CN con-
tribute to the multilayer phase. Since the 20-OAHFA adopts an ex-
tended conformation in the solid phase (Fig. 6i–ii), it can be assumed to
occupy ~20 Å2 per molecule in the multilayer, whereas CN occupies
30 Å2, explaining the almost constant mean molecular areas of this
transition. Further compression caused the CN multilayer adjacent to
the monolayer to collapse into additional layers on top of the first
multilayer, observed as brighter regions in BAM images. When they
formed over a liquid 20-OAHFA monolayer, the domains had circular
shapes (Fig. 6v-vi). Upon crystallization of the monolayer, these addi-
tional layers formed in irregular shapes, determined by the network-
like organization of solid 20-OAHFA monolayer regions (Fig. 6iii,
Supplementary Fig. 5). This suggests that the multilayers are not able to
spread on top of the solid 20-OAHFA monolayer regions. This is likely
due to the inability of CN acyl chains to interdigitate into the solid
multilayer domains. Therefore, compressing the film to high surface
pressures caused CN to be expelled from the monolayer surface, similar
to POPC:CN films, while the underlying monolayer became solid.
Both polar lipids, 20-OAHFA and POPC, induced the formation of a
multilamellar lipid film of non-polar CN, when surface pressure was low
(less than 2 and 12 mN/m, for 20-OAHFA and POPC, respectively). At
surface pressures corresponding to the tear fluid (27–31 mN/m [37]),
the multilayer was excluded from large parts of the surface. These
findings challenge the traditional view of the TFLL, where a uniform
layer of non-polar lipids covers the polar lipid monolayer at the aqu-
eous tear surface (Fig. 1). The non-polar layer has traditionally been
considered to be responsible for the evaporation resistant function of
the TFLL [15]. However, unless specific interactions between polar and
non-polar tear film lipids occur that were not captured by the model
systems used here, it seems likely that at natural tear fluid surface
pressures the non-polar lipid layer would de-wet from large regions of
the polar monolayer. Therefore, it seems implausible that the non-polar
lipid layer could be solely responsible for the evaporation resistant
properties of the TFLL.
3.3. Non-polar CN multilayers do not contribute to the evaporation
resistance of the TFLL
To address the relative contributions of the polar and non-polar
sublayers to the evaporation resistance, we measured the evaporation
resistance of POPC:CN and 20-OAHFA:CN mixtures (Fig. 7). The mix-
tures contained enough CN to form 5 multilayers on a maximally
compressed monolayer of each polar lipid. No evaporation resistance
was detected for a CN multilayer spread by adding POPC, whereas a
mixed film of 20-OAHFA and CN resisted evaporation, however, only to
the same extent as a pure film of 20-OAHFA. Taken together, these
results show that a CN multilayer offered no detectable resistance to
evaporation of water. However, it did not disturb the formation of an
evaporation resistant monolayer at the water interface by OAHFAs in
the OAHFA:CN mixtures. We found that a surface concentration of 5
OAHFAs/nm2 was required to obtain approximately 5 s/cm of eva-
poration resistance. This could result in up to 80% reduction in eva-
poration rate from the ocular surface, as described earlier [30]. Such a
surface concentration could be reached if a 200 nm thick layer of
meibum containing 3 mol% of OAHFAs [22] would spread on the tear
film surface, and it is therefore plausible that such a layer could form in
vivo. These results suggest that the polar lipid monolayer is an im-
portant factor in the evaporation resistant function of the TFLL. How-
ever, it should be noted that other non-polar TFLL lipids than CN may
form evaporation resistant structures.
4. Conclusions
The results presented here provide important insights on the orga-
nization of the TFLL. By providing a comprehensive picture of the
Fig. 5. Interdigitation of acyl chains between the monolayer and multilayer
phases. A) Schematic representation of the molecular organization at low (i)
and high (ii) surface pressures and the model parameters used in the inter-
digitation model. The plane depicts the region where entropic repulsion of acyl
chains occurs, causing surface pressure (π). Red and blue areas represent the
area contributions from the mono- and multilayer sides, respectively. B) Mean
area of interdigitation ( ′a ID) by CN in the multilayer phase as a function of
surface pressure. The dashed line represents the transition pressure for the
exclusion of the multilayer from the monolayer surface. Symbols represent
experimental values determined from the isotherm and area fraction data (see
Supplementary methods), and the solid line is an exponential fit to the data
with 95% confidence interval shown. Symbol colours correspond to the mix-
tures listed in Fig. 4C and symbol size represents the reciprocal of the error
estimate for each data point (bigger symbol = smaller error).
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molecular orientation in multilamellar CN films, the results elucidate
the central interactions in mixed films consisting of polar lipids and
non-polar lipids without inherent surface activity. Using controllable
model systems, we were able to demonstrate on a molecular level, how
typical patterns observed in Langmuir trough microscopy studies of
meibomian and tear fluid lipid samples, such as networks of crystalline
domains and multilamellar structures, can be formed. Previously,
variable suggestions have been given on what these structures represent
[41–44], and the results presented here provide a useful framework for
interpretation of earlier findings and a solid basis for future studies on
TFLL composition and function.
At low surface pressures, stable multi-layered films formed already
at low surface concentrations of polar lipids (mean molecular areas of
250 Å2/POPC and 350 Å2/20-OAHFA). Multilayer formation appears to
be driven by the interdigitation of acyl chains between the multilayer
and the polar monolayer. Therefore, no more than a single multilayer
lamella formed in an ordered manner. In addition, the multilayer
structure was destabilized at high surface pressures due to loss of in-
terdigitation between the layers. This has important implications for the
tear film, since the surface pressure of tear fluid is relatively high. Tear
fluid surface pressure is mainly due to the presence of a polar lipids,
although surface active proteins may also contribute to the physiolo-
gical tear fluid surface pressure [19,37]. The results of our study reveal
that a stable, uniform non-polar lipid layer would not be expected to
form on the surface of the tear film. Instead, certain regions would be
expected to be covered by thick non-polar lipid aggregates or droplets,
whereas other regions would only be covered by a monolayer. This is in
accordance with clinical imaging studies, which have shown that the
TFLL is not uniform on the microscale [45].
Fig. 6. Organization of films composed of 20-OAHFA and CN. Surface pressure isotherms of 20-OAHFA:CN mixtures with the corresponding FM and BAM images are
shown, as well as a schematic representation of the film structure under different conditions (i–vi). The measurements were repeated at least twice and were found to
be repeatable within 1.5 mN/m 20-OAHFAs are depicted in orange and CNs in yellow. The isotherms are presented both relative to the total number of molecules
(left) and to the number of 20-OAHFA molecules (right). Scale bars represent 300 μm.
Fig. 7. Evaporation resistance of CN multilayer films. Films were formed by
using either POPC or 20-OAHFA as the polar lipid. To facilitate comparison of
different lipids, the evaporation resistance is presented as a function the area
per hydrocarbon chain in the polar lipids. 20-OAHFA is considered to have a
single hydrocarbon chain, where POPC has two. Each data point depicts the
mean of two independent measurements and error bars show the difference
between measured values. The solid lines are sigmoidal curves to fit the data.
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Lastly, our results provide new insights on the TFLL structure-
function relationship which contrasts the commonly presented view,
according to which the function of the TFLL depends on polar lipids
spreading the non-polar tear film lipids on the tear film surface
[15,18,46]. Our findings suggest that the spreading behaviour between
the polar and non-polar layers is complex and that the CEs in the non-
polar multilayers do not contribute to the evaporation resistant function
of the TFLL. Instead, this attribute seems to be governed by evaporation
resistant lipids, such as OAHFAs, in the polar lipid layer, which resides
at the interface between the tear fluid and the non-polar lipid layer.
Therefore, polar lipids appear to be central to TFLL function, whereas
the function of the non-polar lipids in the TFLL is still an open question.
It is possible that a part of the non-polar lipids simply act as a vehicle to
deliver the more important lipids, such as OAHFAs to the tear film
surface. Insufficient delivery of evaporation resistant polar lipids to the
tear film surface or contamination by non-evaporation resistant polar
lipids could result in loss of evaporation resistance in DES.
It should be noted that the model compositions used in this study do
not perfectly match the lipid composition of the tear film. First, a most
of the tear fluid phospholipids are lysophospholipids, in contrast to
POPC used here. However, very similar results to those presented here
were obtained also for lysophospholipids [47], and a large fraction of
the lysophospholipids in the tear film are likely dissolved in the aqu-
eous layer due their relatively high water solubility. Second, the model
OAHFA used in this study (18:1/20:0) was shorter and lacked a double
bond compared to the most abundant OAHFAs in the tear fluid (18:1/
32:1) [10,22,48,49]. These structural differences are likely to alter the
properties of the OAHFAs, but since the absence of the double bond
tends to make lipid monolayers more ordered, while the shorter chain
length makes them less ordered [30], these differences are likely to
largely cancel each other out. Third, unsaturated CN was used to model
the non-polar TFLL lipids, although a major fraction of the meibum CEs
is saturated [22,50]. However, CN is still likely to reflect the physical
properties of Meibomian CEs relatively well, since most of the saturated
CEs in meibum are branched [51], which has a similar effect on the
physical properties as unsaturation [52,53]. Finally, other non-polar
lipid components, such as wax esters and diesters were not included in
this study. It is possible that the presence of these lipids could lead to
formation of multilayers with solid structures, as proposed by King-
Smith et al. [16] Such multilayers might provide an evaporation re-
sistant function, but the existence of such layers in the TFLL has not yet
been demonstrated. Further studies addressing these topics are war-
ranted.
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